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ABSTRACT Checkpoint inhibitors are effective in restoring exhausted CD8� T cell
responses in persistent viral infections or tumors. Several compounds are in clinical
use for different malignancies, but trials in patients with chronic viral infections have
also been conducted. In a mouse model of persistent lymphocytic choriomeningitis
virus (LCMV) infection, it was shown that checkpoint inhibitor treatment increased T
cell proliferation and functionality, but its influence on the antigen-specific T cell re-
ceptor (TCR) repertoire is unknown. NP396-specific CD8� T cells dominate during
acute LCMV infection and are predominantly exhausted during chronic infection.
Next-generation sequencing of NP396-specific TCRs showed that exhaustion corre-
sponds with a significantly reduced NP396-specific TCR repertoire diversity: Shannon
indices of 4 in immunized mice to 2.6 in persistently infected mice. Anti-PD-L1 treat-
ment during persistent LCMV infection restored NP396-specific T cell responses and
reduced viral titers. Nevertheless, anti-PD-L1-treated mice showed an even more nar-
rowed TCR repertoire, with reduced TCR diversity compared to that of persistently
infected control mice (Shannon indices of 2.1 and 2.6, respectively). Interestingly,
anti-PD-L1 treatment-induced narrowing of the TCR repertoire negatively correlates
with functional and physical restoration of the antigen-specific T cell response. Fur-
ther, we found that private, hyperexpanded TCR clonotypes dominated the T cell re-
sponse after anti-PD-L1 treatment. Although being private, these top clonotypes
from anti-PD-L1-treated mice revealed a more closely related CDR3 motif than those
of top clonotypes from persistently infected control mice. In conclusion, although
targeting the PD-1/PD-L1 pathway reinvigorates exhausted CD8� T cells, it fails to
restore T cell repertoire diversity.

IMPORTANCE Checkpoint inhibitors are effective immunotherapeutics to restore
cancer- and virus-induced exhausted CD8� T cells, by enhancing the quality and sur-
vival of immune responses. Although checkpoint inhibitors are already used as ther-
apy against various cancers, not much is known about their multifaceted impact on
the exhausted CD8� T cell receptor (TCR) repertoire. This report describes for the
first time the evolvement of an exhausted antigen-specific CD8� TCR repertoire un-
der checkpoint inhibitor treatment. By using a well-established virus model, we were
able to show major shifts toward oligoclonality of the CD8� TCR repertoire response
against a massively exhausted lymphocytic choriomeningitis virus (LCMV) epitope.
While supporting viral control in the LCMV model, oligoclonality and more private of
TCR repertoires may impact future pathogenic challenges and may promote viral es-
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cape. Our results may explain the ongoing problems of viral escapes, unpredictable
autoimmunity, and heterogeneous responses appearing as adverse effects of check-
point inhibitor treatments.

KEYWORDS checkpoint inhibitor, next-generation sequencing, anti-PD-L1,
lymphocytic choriomeningitis virus

Immunotherapies with checkpoint inhibitors (e.g., anti-PD-1, anti-PD-L1, and anti-
CTLA-4) have shown remarkable success in the treatment of a variety of tumors, and

several compounds have been approved for treatment (1–5). Inhibition of the PD-1/
PD-L1 pathway has also been studied consistently in persistent viral infections in animal
models and in vitro with human samples, e.g., hepatitis B virus (HBV) and hepatitis C
virus (HCV) infections (6–13). In addition, case studies and trials investigated these
compounds for treatment of chronic infections such as chronic hepatitis B or C virus
infection (14, 15). The current paradigm behind this treatment effect is that CD8� T cell
responses in persistent viral infections or in patients with cancer are functionally
impaired and express high levels of coregulatory receptors, which are called checkpoint
molecules, e.g., PD-1 and CTLA-4. These so called “exhausted” T cells (16) have been
described for mouse models of persistent viral infections more than 20 years ago (17).
While approaching exhaustion, T cells first lose their ability to proliferate, then gamma
interferon (IFN-�) and tumor necrosis factor alpha (TNF-�) secretion becomes impaired,
and, finally, cells are physically deleted (18). During this process, the checkpoint
molecules (e.g., PD-1, CTLA-4, Lag-3, and Tim-3) are upregulated (19). Treatment with
anti-PD-1 and anti-PD-L1 can restore functional antiviral and anti-tumor T cell responses
(20–23). However, the complex biology of checkpoint pathway blockage is still largely
unknown. Treatment responses are heterogeneous, and some patients develop
immune-related adverse events (iAEs) (24). In this context, it became known that only
a fraction of T cells are sensitive to checkpoint inhibitor therapy and restore function
(25, 26), which might influence treatment outcome. In order to unravel the molecular
basis of this imbalanced reinvigoration, much interest has been drawn to the question
of which T cells are actually affected by the treatment. Most studies focused on
phenotypic and functional markers of T cells during treatment (e.g., surface marker,
functional [cytokine�] T cells, and transcriptome sequencing [RNA-seq]) (26–29). How-
ever, hardly anything is known about the influence of the T cell receptor (TCR)
specificity on the T cell reinvigoration and how restoration shifts the TCR repertoire. The
available data are limited to analysis of the TCR repertoire of tumor-infiltrating CD8� T
cells under checkpoint inhibitor treatment (30, 31). In this regard, Robert et al. could
show a remodeling and broadening of the peripheral TCR repertoire of the total (not
antigen-specific) CD8� T cell population in patients with melanoma, after interfering
with CTLA-4 signaling (4), whereas others showed indications for a more focused TCR
repertoire in a tumor environment (32, 33).

To our knowledge, nothing is known about the influence of checkpoint inhibitors on
the virus-specific TCR repertoire. Therefore, we investigated the effect of the checkpoint
inhibitor anti-PD-L1 on diversity, hierarchy, and specificity of the TCR repertoire of
antigen-specific CD8� T cells, using the well-established lymphocytic choriomeningitis
virus (LCMV) mouse model (34, 35). In this model, C57BL/6 mice either develop
persistent viral infections after LCMV clone 13 (LCMV cl13) infection (2 � 106 PFU) or
become immune after an acute infection with subsequent viral clearance of an LCMV
Armstrong infection (5 � 104 PFU) (36). During an acute infection, the immune re-
sponse is dominated by the CD8� T cell response against the epitope NP396 (37);
however, this response massively exhausts during chronic infection (6). In earlier
publications, Barber et al. could show that anti-PD-L1 treatment can efficiently restore
this exhausted NP396-specific response (6). So far, no information about the evolving
antigen-specific TCR repertoire under checkpoint inhibition is available.
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RESULTS
Anti-PD-L1 treatment enhanced viral clearance and virus-specific T cell re-

sponses in persistently LCMV-infected mice. Immunocompetent C57BL/6 mice
which were infected with LCMV cl13 (2 � 106 PFU) developed a persistent LCMV
infection. These persistently infected mice were treated with anti-PD-L1 antibody
starting at day 21 postinfection, and viral load was determined at day 36 postinfection
(Fig. 1A). In line with data from Barber et al. (6), significantly reduced viral loads were
found in anti-PD-L1-treated mice compared to those in control-treated mice that were
persistently infected with LCMV cl13 (Fig. 1B). Moreover, anti-PD-L1 treatment resulted
in a significant increase in LCMV NP396-specific CD8� T cell responses in absolute
numbers (Fig. 1C) and frequencies (2.9% � 0.37% in control-treated mice, compared to
6.2% � 0.57% in anti-PD-L1-treated mice; P � 0.0001, Welch’s t test), as well as a slightly
increased IFN-�� NP396-specific CD8� T cell response (Fig. 1D) in comparison to that
in control mice. Although treatment with checkpoint inhibitors increased LCMV-specific
immune responses, immune responses in LCMV-immune mice were still significantly
higher than in checkpoint inhibitor-treated mice (P � 0.001, Kruskal-Wallis test for
control and anti-PD-L1-treated mice compared to LCMV-immune mice).

Anti-PD-L1-treated mice display significantly fewer TCR-� clonotypes. To un-
derstand the impact of the reinvigoration of the exhausted NP396-specific T cells on the

FIG 1 Checkpoint inhibitor treatment resulted in decreased LCMV titer and increased LCMV-specific T cell response. (A) Persistently LCMV
cl13-infected mice were treated with anti-PD-L1 or a control. (B) Viral titers were determined in the kidney at day 36 after LCMV cl13 infection
(n � 13 or 14). (C and D) LCMV NP396-specific T cell responses were measured by Dextramer staining (n � 17 to 22) (C) and by the NP396-specific
IFN-�� CD8� T cell response (n � 13 or 14) (D). As the control, NP396-specific CD8� T cell responses in LCMV-immune mice are shown (n � 10
to 12). Statistical comparison of both persistently infected mouse groups is depicted with asterisks. **, P � 0.01; ***, P � 0.001 (Mann-Whitney test).
Results are pooled from 4 or 5 independent experiments.
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epitope-specific T cell receptor repertoire, we determined the TCR repertoire from
NP396-specific CD8� T cells in anti-PD-L1- and control-treated mice. NP396-specific
CD8� T cells were isolated from spleens at day 36 postinfection, and the T cell receptor
repertoire was determined using next-generation sequencing (Illumina MiSeq).

A total of 364,106 TCR-� CDR3 sequences were obtained from 18 samples, with an
average of 20,228 reads per sample. While the numbers of sequencing reads generated
in the different groups were not significantly different (Table 1), significantly different
numbers of TCR-� clonotypes were found between the investigated groups (Fig. 2A).
LCMV-immune mice had the highest number of NP396-specific CD8� T cell clonotypes
(123 � 11 clonotypes). In comparison, numbers of NP396-specific CD8� T cell clono-
types in persistently LCMV cl13-infected mice (control group) (70 � 14 clonotypes)
were significantly lower (P � 0.05). Treatment of persistently infected mice with anti-
PD-L1 resulted in further significant reduction of NP396-specific CD8� T cell clonotypes
(33 � 6 clonotypes) compared to those in LCMV cl13-infected mice (controls) (Fig. 2A).
Next, we calculated the diversity of these TCR-� repertoires, which was strongly
influenced by the TCR-� clonotype numbers. By covering also the evenness of the
repertoire in diversity analysis, the difference between immune and persistently in-
fected mice became even more obvious. Furthermore, the reduced clonotype numbers

TABLE 1 Sequencing raw data

Mouse Treatment
No. of
reads

No. of
clonotypes

CDR3 length
(main), aa

Major V
chain/%

1 Control 28,333 47 14 17/70
2 Control 26,948 51 14 13-3/37
3 Control 21,298 147 15 13-2/29
4 Control 27,859 53 15 13-2/46
5 Control 3,675 49 14 17/70
6 Control 17,082 86 14 13-3/55
7 Control 24,239 54 14 13-3/27
8 Anti-PD-L1 17,153 27 15 13-3/86
9 Anti-PD-L1 18,095 16 16 13-2/72
10 Anti-PD-L1 19,598 30 14 17/45

11 Anti-PD-L1 23,363 29 14 13-2/36
12 Anti-PD-L1 28,200 51 14 13-3/76
13 Anti-PD-L1 21,810 52 14 13-3/49
14 Anti-PD-L1 2,296 9 15 3/91
15 Anti-PD-L1 12,756 46 14 19/47
16 Immune 22,564 104 14 13-3/32
17 Immune 24,885 141 14 13-3/24
18 Immune 23,952 124 14 17/25

FIG 2 Severely reduced number of NP396-specific TCR-� clonotype specificities after anti-PD-L1 treat-
ment. Persistently LCMV cl13-infected mice were treated with anti-PD-L1 (n � 8) or a control (n � 7). As
a control, LCMV-immune mice were used (n � 3). Sequencing of NP396-specific TCR-� clonotypes in all
groups was performed with an Illumina MiSeq. The number of NP396-specific TCR-� clonotypes (A) and
the diversity, calculated by the Shannon-Wiener index (B), of the NP396-specific T cell receptor reper-
toires are depicted. *, P � 0.05 (Welch’s t test). Results are pooled from 3 independent experiments.
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in anti-PD-L1-treated mice compared to those in controls translated also to an overall
reduced diversity, as calculated with the Shannon-Wiener index (Fig. 2B).

Our data showed a significant narrowing in the number of NP396-specific CD8� T
cell receptor clonotypes in persistent viral infection. Treatment with anti-PD-L1 even
resulted in a more oligoclonal NP396-specific T cell response.

The LCMV-specific T cell response was dominated by three public V� chains
but displayed a high degree of privacy. So far, our study could confirm a strong
reinvigoration of the NP396-specific CD8� T cell responses by anti-PD-L1 treatment but
revealed also a firm reduction of TCR-� clonotype numbers within these responses.
Whether this reduction correlated also with a reduction of the used V� chains was
investigated next. A strong focusing of the TCR V� usage can be seen as a marker for
efficient clonal expansion but also as a negative evolvement of an immune response,
due to its susceptibility to viral immune evasion.

Our data revealed that three public V� chains (V�13-2, V�13-3, and V�17) domi-
nated the immune response against NP396 in all three groups, being used in roughly
two-thirds of all TCR-� clonotypes detected (Fig. 3). Overall means in the pie chart in
Fig. 3 show that the average V� chain usage did not undergo major changes due to
treatment. There was only one exception, V�3, which was detected strongly in only one
anti-PD-L1-treated mouse, resulting in an appearance of V�3 at more than 12% in the

FIG 3 Three major V� chains dominate the immune response against NP396, using private preferences. TCR V� chain usage of NP396-specific TCR-� clonotypes
in control-treated (A) and anti-PD-L1-treated (B) persistently LCMV cl13-infected mice, as well as LCMV-immune C57BL/6 mice (C), is depicted as mean
percentage � SEM of each individual group (circular plots). For each group, individual mice are depicted by showing five representative TCR V� chain usages.
Results are pooled from 3 independent experiments.
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overall anti-PD-L1 group average. Moreover, looking at the individual V� chain usage
patterns between our investigated groups, an individual V� chain usage was deter-
mined, called private specificity (38). Whereas immune mice showed a balanced V�

chain usage over the five representative V� chains (Fig. 3C), persistently infected mice
revealed a more focused usage toward one immunodominant V� chain (Fig. 3A). For
example, whereas mouse 3 showed strong usage of V�13.2 and only minor usage of
V�13.3, this pattern was reversed in mouse 5 (Fig. 3A). This effect became even more
pronounced in anti-PD-L1-treated mice, in which one V� chain dominated the immune
response (Fig. 3B). However, since the V� chains differed between mice overall,
comparable averages of V� chain usages appeared in all groups.

We conclude that although no systemic focusing toward certain V� chains was seen
in average V� chain usage, the individual TCR repertoires of individual mice developed
privately toward a focused usage during persistent infections, which became even
more pronounced under anti-PD-L1 treatment.

Impact of anti-PD-L1 treatment on the length of the NP396-specific TCR-�
CDR3. Earlier reports have shown that the average CDR3 length of T cells is modulated
by antigen experience and antiviral treatment (39–41). Therefore, we investigated
possible changes in the CDR3 length in our study.

LCMV cl13-infected mice without anti-PD-L1 treatment as well as LCMV-immune
mice showed a Gaussian distribution (Fig. 4A and C). CDR3 sequences are domi-
nantly 14 amino acids (aa) long in their individual NP396-specific TCR-� repertoires,

FIG 4 NP396-specific T cells predominantly reveal 14-aa CDR3 sequences. CDR3 nucleotide length in control-treated (A) and anti-PD-L1-treated (B) persistently
LCMV cl13-infected C57BL/6 mice, as well as LCMV-immune C57BL/6 mice (C), is depicted as frequency of all clonotypes. The left portion defines the overall
CDR3 length as an average of the respective group. Additionally, three representative mice are depicted (right portion), revealing individual patterns. Results
are pooled from 3 independent experiments.
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whereas in anti-PD-L1-treated mice, either 15- or 16-aa-long sequences became
codominant with the 14-aa-long CDR3s (Fig. 4B). In summary, anti-PD-L1-treated
mice showed a slightly higher percentage of longer (16 aa) CDR3 sequences than
controls. As shown for the V� chain usage, individual CDR3 length patterns seem to
be very private.

Anti-PD-L1 induced a hyperexpanded and oligoclonal TCR repertoire which
negatively correlated with NP396-specific responses. We could show that the
NP396-specific TCR repertoire became less diverse due to anti-PD-L1 treatment. Fur-
ther, V� chain usage showed that the TCR repertoire of each mouse posttreatment was
strongly focused on one V� chain in anti-PD-L1-treated mice. In order to analyze the
basis of the diversity loss, the TCR repertoire was depicted in a clonal space homeo-
stasis plot (Fig. 5), showing the occupancy of clonotypes in frequency of the overall TCR
repertoire, grouped by abundance. This displayed an obvious difference between
immune and persistently infected mice. Large and hyperexpanded clonotypes ap-
peared only in the latter ones. In contrast, a reduction of the rare clonotypes (red in Fig.
5) was visible. Especially “hyperexpanded” clonotypes, which make up �25% of the TCR
repertoire, were found in all anti-PD-L1-treated mice but in only 57% of control-treated
mice (Fig. 5). Such hyperexpansion and subsequent reduction of rare clonotypes could
be the reason for the reduced diversity in persistently infected mice. Likewise, increased
hyperexpansion in anti-PD-L1-treated mice could be the reason for an even stronger
reduction of clonotype numbers in this group.

Next we asked whether the strong hyperexpansion and subsequent reduction of
rare clonotypes after anti-PD-L1 treatment were associated with increased CD8� T cell
responses (Fig. 1). A strong indication for this could be found by a correlation between
clonotype numbers and the NP396� CD8� T cells as well as IFN-�� NP396-specific
CD8� T cell responses. The lower the number of clonotypes, the stronger was the
immune response against NP396 in mice treated with anti-PD-L1 (Fig. 6B). This corre-
lation was not detectable in control-treated mice (Fig. 6A).

Anti-PD-L1 strengthens the expansion of specific motifs, inducing more similar
CDR3 specificities. Anti-PD-L1 therapy induced hyperexpansion of a few NP396-
specific T cells, which raised the question of whether these specific clonotypes follow
a certain pattern. It could be suggested that NP396-specific T cells need a TCR with a
certain CDR3 motif in order to hyperexpand in response to anti-PD-L1 treatment. To

FIG 5 Hyperexpanded TCR-� clonotypes dominate the NP396-specific immune response after anti-PD-L1 treatment. NP396-specific TCR-�
clonotypes from control-treated and anti-PD-L1-treated persistently LCMV cl13-infected, as well as LCMV-immune, C57BL/6 mice are depicted for
each individual mouse. Clonotypes were grouped in regard to their individual relative frequency: sum of relative frequency of all hyperexpanded
clonotypes (defined as �25% in relative frequency) is depicted in dark blue, “large” clonotypes (20 to 25%) in light blue, “medium” clonotypes
(10 to 20%) in turquoise, “small” clonotypes (1 to 10%) in orange, and “rare” clonotypes (�1%) in red. Results are pooled from 3 independent
experiments.
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test this hypothesis, we analyzed the NP396-specific CDR3 regions in regard to their
motif similarities with a previously published program, tcrdist (42). Common motifs can
be recognized by tcrdist, which may not appear due to random occurrence, in an
antigen-specific TCR repertoire. Although we aimed to find a common motif in the
hyperexpanded clonotypes, no common motif was detectable either in the different
treatment groups or in all hyperexpanded clonotypes (data not shown). Another
feature of tcrdist is biostatistical tree building, in which all clonotypes are ordered in
regard to their CDR3 motif similarity. Each branch represents a single clonotype. Ten
motifs are then biostatistically calculated, covering different branches of the tree. In
order to increase our analytical depth, we expanded our sample set by using the four
most dominant clonotypes of each mouse in the respective group, instead of only
hyperexpanded clonotypes. This newly calculated clonotype repertoire represented the
dominant immune responses and T cell specificities in chronic and anti-PD-L1-treated
groups and was used to run the program tcrdist with this data set (Fig. 7). tcrdist
generated two trees with our two data sets and calculated with 24 (control [Fig. 7A])
and 30 (anti-PD-L1 [Fig. 7B]) clonotypes, respectively. With the 10-motif calculation,
only 13 of the 24 clonotypes were covered in control-treated mice (54%), whereas 21
of 30 clonotypes (70%) were covered in the anti-PD-L1-treated group. This was an
indication that the clonotypes in our anti-PD-L1-treated mice were more similar to each
other motif-wise than those in control mice. To confirm this, a nearest-neighbor analysis
was performed with tcrdist. This calculates a biostatistical index of how closely related
each clonotype is in relation to a certain number of other clonotypes. For example, the
lower the “nearest neighbor 5” index is, the higher is the similarity of a clonotype to its
five most similar neighbors within the repertoire. Calculating the average for our data
sets the nearest neighbor 5 indices (67.0 for the control-treated group and 47.2 for the
anti-PD-L1-treated group) as well as the nearest neighbor 10 indices (71.4 for the
control-treated group and 55.7 for the anti-PD-L1-treated group) confirmed a higher

FIG 6 Treatment-induced negative correlation of TCR-� clonotypes and NP396-specific T cell response. NP396-
specific TCR-� clonotype numbers from control-treated and anti-PD-L1-treated persistently LCMV cl13-infected
mice were correlated with the respective physical and functional immune response for each individual mouse. The
Dextramer-specific response of control-treated (A) and anti-PD-L1-treated (B) mice as well as the IFN-�� responses
of both groups are shown. Statistical correlation is depicted as linear regression with R2 and P value within the
respective graph. Results are pooled from 3 independent experiments.
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similarity of the CDR3 motifs from clonotypes of the TCR repertoires of the anti-PD-L1-
treated mice than for the control-treated mice.

Our results showed that no common motif was detectable in the hyperexpanded
clonotypes. However, the clonotypes of the TCR repertoires revealed more closely
related CDR3 motifs after anti-PD-L1 treatment. This indicates that no single CDR3 motif
is necessary for a T cell to hyperexpand, although a quite closely related range of motifs
seems suitable to react to the epitope in a way that the T cell is triggered toward
hyperexpansion by the anti-PD-L1 treatment.

DISCUSSION

Checkpoint inhibition has been implemented as a very successful treatment for
certain cancer types, and some studies have been performed with patients with chronic
viral infections (e.g., HBV and HCV) (8, 10). Although checkpoint inhibitors are a major
breakthrough therapy for cancer, not all patients respond to treatment (43). Mecha-
nisms that help to explain the different responses are insufficiently understood but
could be important to optimize treatment and reduce potential side effects (24). One
important question which still is poorly investigated is if checkpoint inhibitor treatment
influences the diversity, hierarchy, and specificity of antigen-specific T cell responses.
For this analysis, we used the well-established persistent LCMV infection model in
C57BL/6 mice.

Our data could confirm physical and functional restoration of the antigen-specific
CD8� T cell response by anti-PD-L1 therapy, as published by Barber et al. (6). With a
focus on the strongly exhausted immune response against the LCMV epitope NP396,
we revealed severe modulations of the TCR repertoire due to anti-PD-L1 therapy. While
the number of NP396-specific T cells in our mice was increased due to anti-PD-L1
treatment (Fig. 1C), the TCR repertoire was focused to roughly half of the clonotypes
compared to the TCR repertoire of control-treated mice (Fig. 2A). This could be
explained by the appearance of single highly abundant (hyperexpanded) clonotypes
and the subsequent reduction of detected rare clonotypes (Fig. 5). Although we could
find neither a specific V� chain (Fig. 3) nor a certain CDR3 amino acid length which was
used by these “reacting” clonotypes (Fig. 4), we could show certain patterns. We found
only four TCR V� chains that were used in hyperexpanded clonotypes, and all of these
clonotypes had CDR3 regions of either 14, 15, or 16 aa in length (Fig. 4). Comparison
of the TCR repertoires has shown that the CDR3 length is modulated by their antigen

FIG 7 tcrdist revealed higher similarities of expanded clonotypes after anti-PD-L1 treatment. tcrdist analysis (42) of
the four most abundant NP396-specific TCR-� clonotypes from all control-treated (A) and anti-PD-L1-treated (B)
persistently LCMV cl13-infected C57BL/6 mice are depicted in relation to the CDR3 similarity: 10 motifs are selected
by the tcrdist program to represent different branches of the similarity tree. V� chain, CDR3 amino acid sequence,
and J� chain are depicted for each motif. Results are pooled from 3 independent experiments.
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experience. Naive and naive-like memory T cells display a longer CDR3 length than do
antigen-experienced effector T cells (39–41). Our findings of longer CDR3 length in
NP396-specific T cells upon anti-PD-L1 blockade are in line with the findings that stem
cell-like T cells respond to the anti-PD-L1 blockade (28). Motif analysis with tcrdist (Fig.
7) supported these results by revealing no common motif. However, the main clono-
types in anti-PD-L1-treated mice were clearly more similar to each other than were
clonotypes from control mice. This is in line with findings in Epstein-Barr virus (EBV)-
positive diffuse large B cell lymphoma (DLBCL) (44). It seems as if a few clonotypes
of NP396-specific T cells were selected out of a pool of closely related ones that
developed into hyperexpanded clonotypes. Thereby other responding clonotypes
might have gotten lost, leading to a more oligoclonal TCR repertoire. This process
seems to be efficient for clearing the virus, because it correlated with stronger
LCMV-specific T cell responses (Fig. 6). That narrowing of the TCR repertoire can
result in a better outcome has been shown in HIV infection and anti-PD-1-treated
melanoma patients (32, 45). On the other hand, a narrowed, oligoclonal TCR
repertoire is associated with immune evasion of viruses and also with disease
progression, e.g., in DLBCL (44, 46, 47).

There are some limitations of this study. Due to limited number of NP396-specific T
cells acquired from blood, only a snapshot of the TCR repertoire could be taken.
Therefore, we could not analyze the TCR repertoire prior to, during, and after anti-PD-L1
treatment, which would give more insight into the individual changes of the TCR
repertoire in each treated individual. Additionally, our investigations were focused on
bulk TCR V� analysis, giving a representative overview of the TCR repertoire. A different
approach is single-cell analysis. This would give information about TCR-� and -� chain
pairings, to analyze TCR clonotypes more precisely. However, this method would
analyze only a small number of T cells and make it hardly possible to recognize the
hyperexpansion reported here. Besides the TCR, the phenotypic status of T cells is
important to assess their restoration capacity: the current understanding is that only a
small subpopulation of partially exhausted T cells, which still express, e.g., TCF-1, can be
restored by checkpoint inhibition (26–28, 48). With our experimental setup we were not
able to investigate the TCR repertoires of different NP396-specific T cell subpopulations,
e.g., TCF-1�, which would answer our hypothesis that the hyperexpanded clonotypes
with the longer CDR3 regions are stem cell-like T cells.

To our knowledge, our study is the first one to investigate the effect of anti-PD-L1
blockade on the TCR repertoire in chronically LCMV-infected mice. Our study shows
that the TCR repertoire is drastically narrowed in chronic versus LCMV immune mice, in
which the NP396-specific TCR repertoire is even less diverse after checkpoint inhibitor
treatment. These narrowed, oligoclonal, and private LCMV-specific responses are asso-
ciated with higher T cell functionality. However, whether this narrowed and skewed
response is beneficial or harmful for the host acquiring homologous and/or heterolo-
gous pathogen infection is still an important topic to investigate.

MATERIALS AND METHODS
Ethics statement. All mouse experiments were performed in accordance with the guidelines of

Medical School Hannover (MHH), Germany, the national animal protection law (Tierschutzgesetz), and
the animal experiment regulations (Tierschutz-Versuchstierverordnung). The study was approved by the
State of Lower Saxony (LAVES—Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittel-
sicherheit) under project number 33.12– 42502-04-16/2127. The highest possible ethical standards were
ensured, and all efforts were made to reduce suffering of the mice.

Mice and treatment. Male C57BL/6 mice, 6 to 8 weeks old, were bred under and kept under
pathogen-free conditions, with a 12/12-h day/night cycle, in the general animal facility of MHH. For the
LCMV mouse model, mice were infected intravenously with 2 � 106 PFU of LCMV cl13 to generate
persistently LCMV-infected mice. In contrast to many published studies of LCMV-specific T cell restoration
using anti-PD-L1, we did not used the deep-exhaustion LCMV mouse model, in which CD4 T cells are
depleted prior to LCMV cl13 infection, which results in a more stable chronic LCMV infection (6, 25, 36).
LCMV Armstrong (5 � 104 PFU) is cleared by C57BL/6 mice after an acute infection, and mice were
considered to be immune 4 weeks postinfection (LCMV immune). Blood was collected 21 days postin-
fection via the vena facialis to determine the exhaustion status by assessing the dominant NP396-specific
CD8� T cell response. Beginning at day 23 postinfection, mice were treated five times (every third day)
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intraperitoneally with 200 �g of anti-PD-L1 (10F.9G2 [BioXcell and Biolegend]), 500 �g of anti-CTLA-4
(UC10-4F10-11 [BioXcell] and 9H10 [Biolegend]), or phosphate-buffered saline (PBS) as a control. At day
36 postinfection, mice were sacrificed and spleens and kidneys were harvested (Fig. 1A).

Virus titer determination. LCMV titers were determined by plaque assay as described before (34).
Briefly, serial dilutions of log10s of kidney tissue homogenate were incubated on Vero cells with �70%
confluence in a 6-well plate. Staining was performed 4 days postinfection with neutral red (Sigma-
Aldrich); 2 days later, plaques were counted and PFU per organ were calculated.

Synthetic peptide and Dextramer. The synthetic peptide NP396-404 (FQPQNGQFI) was purchased
from ProImmune. The Dextramer H-2Db/FQPQNGQFI (NP396) was purchased from Immudex.

Cell surface and Dextramer staining for flow cytometry. Single-cell suspensions from spleens
were treated with lysis buffer (155 mM NH4Cl, 10 mM KHCO3, and 1 mM EDTA [Sigma-Aldrich]) to remove
red blood cells. Afterwards, �1 � 106 cells were FC�R blocked with anti-CD16/32 (2.4G2; BD Bioscience)
and stained with anti-CD8� (53-6.7; Biolegend), anti-CD44 (IM7; Biolegend), viability stain (fixable viability
stain 700; BD Bioscience), anti-PD-1 (29F.1A12; Biolegend), and Dextramer reagents (Immudex).

Intracellular cytokine measurement. Red blood cells were removed from single-cell suspensions
from spleens (as described above). Splenocytes (1.5 � 106 per well) were stimulated in 200 �l of
RPMI medium (Gibco) with 1 �g/ml of NP396 peptide and 0.2 �l of GolgiPlug (BD Bioscience). As a
positive control, anti-CD3 antibody (145-2C11; eBioscience) was used, and as a negative control,
medium was used. Cells were incubated for 4.5 h at 37°C and 5% CO2. After incubation, surface
stainings were performed (as described above). For intracellular staining, cells were permeabilized
with the True-Nuclear transcription buffer set (Biolegend) according to the manufacturer’s protocol.
Furthermore, cells were stained in the included washing buffer with anti-IFN-� (XMG1.2; Biolegend)
and anti-TNF-� (Mp6-XT22; Biolegend). Flow cytometry was performed with a BD LSRFortessa (BD;
3 lasers and 14 colors).

Next-generation sequencing of the NP396-specific T cell receptor repertoire. TCR repertoire
analyses were performed on NP396-specific CD8� T cells. Single-cell suspensions of spleens were stained
with anti-CD8� (53-6.7; Biolegend), anti-CD4 (RM4-5; Biolegend), anti-CD44 (IM7; Biolegend), viability
stain (fixable viability stain 700; BD Bioscience), and Dextramer NP396 (H2-Db; Immudex). Fluorescence-
activated cell sorting (FACS) was used to gain the CD4� CD8�� CD44� NP396� cell population. Cells
were directly sorted into RLT buffer (RNeasy plus microRNA extraction kit; Qiagen) and stored at – 80°C.
According to the manufacturer’s protocols, the sample was prepared as follows: for RNA extraction, the
RNeasy kit was used, taking �10,000 epitope-specific cells in 350 �l of RLT buffer (RNeasy plus microRNA
extraction kit; Qiagen). RNA was instantly used to transcribe cDNA by performing a SMART RACE (rapid
amplification of cDNA ends) PCR (SMARTer RACE cDNA amplification kit; Clontech). cDNA was further
amplified using Illumina adapter-containing primers (5=-CTAATACGACTCACTATAGGGCAAGCAGTGGTAT
CAACGCAGAGT-3= and 5=-CTAATACGACTCACTATAG GGC-3=) as well as a TCR-�-specific primer (5=-TGG
CTCAAACAAGGAGACCT-3=) within a second PCR (34 cycles) (Advantage 2PCR kit; Clontech). Amplicon
size was determined by running an agarose gel (2% agarose in Tris-acetate-EDTA buffer containing
ethidium bromide solution). Bands were cut out of the gel, and nucleotides were extracted (QIAquick gel
extraction kit; Qiagen). Afterwards, samples were indexed by using 10 �M Nextera primer combinations
(Illumina) in a 10-cycle PCR with the Advantage 2PCR kit (Clontech). The indexed amplicons were purified
by adding 90 �l of AMPure XP beads (Beckman Coulter). After 5 min of incubation, the plate was placed
on a magnetic plate. When the beads were mostly accumulated at the wall of the wells, all wells were
washed with 70% ethanol. To elute the DNA from the beads, the beads were diluted in 100 �l of H2O.
Due to magnetic separation, DNA could be transferred into a new plate while the beads remained on the
walls of the wells. Finally, all sample concentrations were determined with Quant-iT PicoGreen double-
stranded DNA (dsDNA) assay kit (Thermo Fisher Scientific) and mixed to have an equal concentration of
each sample in the final sequencing sample mixture. Sequencing was performed with a Miseq (Illumina)
by using V2 chemistry and 150-bp paired-end sequencing.

Sequencing analysis. Quality control of forward and reverse reads for each individual sample was
performed using fastp (49). Assembling and alignment of reads to certain TCR-� clonotypes were
performed using MiXCR (50). Finally, the number of clonotypes was trimmed down by using a 96% cutoff,
as described before (51), in order to avoid artificial diversity increases by erroneous sequences. Graphical
depiction was done using R-based programs VDJtools (52) and ClonoPlot (53) as well as tcrdist (42).

Statistics. Descriptive statistics are expressed as means � standard errors of the means. Depending
on the standard deviation, Student’s t tests, Mann-Whitney U tests, analysis of variance (ANOVA), or
Kruskal-Wallis tests were performed, using Prism 7.03 software (GraphPad Software).

Data availability. All clonotypes of sequencing data are available online via the Repomed server at
https://doi.org/10.26068/mhhrpm/20200609-003.
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